The goal of this paper is to explore the potential multistability of the climate of a planet around the habitable zone. We apply our methodology to the Earth system, but our investigation has more general relevance. A thorough investigation of the thermodynamics of the climate system is performed for very diverse conditions of energy input and infrared atmosphere opacity. Using PlaSim, an Earth-like general circulation model, the solar constant S * is modulated between 1160 and 1510 Wm −2 and the CO 2 concentration, [CO 2 ], from 90 to 2880 ppm. It is observed that in such a parameter range the climate is bistable, i.e. there are two coexisting attractors, one characterised by warm, moist climates (W) and one by completely frozen sea surface (Snowball Earth, SB). Linear relationships are found for the two transition lines (W→SB and SB →W) in (S * ,[CO 2 ]) between S * and the logarithm of [CO 2 ]. The dynamical and thermodynamical properties -energy fluxes, Lorenz energy cycle, Carnot efficiency, material entropy production -of the W and SB states are very different: W states are dominated by the hydrological cycle and latent heat is prominent in the material entropy production; the SB states are eminently dry climates where heat transport is realized through sensible heat fluxes and entropy mostly generated by dissipation of kinetic energy. We also show that the Carnot efficiency regularly increases towards each transition between W and SB, with a large decrease in each transition. Finally, we propose well-defined empirical functions allowing for expressing the global non-equilibrium thermodynamical properties of the system in terms of either the mean surface temperature or the mean planetary emission temperature. This paves the way for the possibility of proposing efficient parametrisations of complex non-equilibrium properties and of practically deducing fundamental properties of a planetary system 
Introduction
that oceanic photosynthesis was effectively non-existent during SB events.
162
The result of this and anoxic conditions beneath the ice should have lead to transitions is the positive ice-albedo feedback (Budyko, 1969; Sellers, 1969) .
181
Such a feedback is associated with the fact that as temperatures increase, the 182 extent of snow and ice cover decreases thus reducing the albedo and there-183 fore increasing the amount of sunlight absorbed by the Earth system. Con- 
192
Starting from present conditions, the most obvious physical parameters 
218
The aforementioned quantities are used to explain changes in large-scale cli-219 mate behaviour and the effect of climate change on features such as strati-220 fication and baroclinicity in order to understand changes in the meridional 221 heat transport across the parameter range. It will also be shown that the
222
Carnot efficiency has a key role in defining the stability of the system which 223 is related to abrupt climatic shifts.
224
The paper is structured in the following way: in Section 2 we describe of the entropy density. The total rate of change of the entropy of the system 260 is: by net radiative heating in the warm region (low latitude in our planet) and 279 net cooling at the cold regions (high latitude in our planet), which are com-
280
pensated by large scale transports performed by the planetary atmpsphere.
281
This gives rise to ongoing irreversible processes, including phase transitions
282
(H 2 O in the case of our planet) and frictional dissipation, which are charac-
283
terized by a positive entropy production. The entropy production due to the 284 irreversibility of the processes occurring within the climatic fluid is called the 285 material entropy production,Ṡ mat and can be written in general terms as:
where the first, second, and third terms on the RHS are related to the dis- and Lifshitz (1980) . In this case:
whereṠ mat (Ω) is the long-term average of the material entropy production,
295Ṡ
min (Ω) is its lower bound, i.e. the minimal value of the entropy produc- The approximation holds as long as we can neglect the impact of the cross-
299
correlation between the total net heat balance and the average temperature 300 and we can assume that Θ can be approximated by the mean of the two
301
Carnot temperatures Θ + and Θ − . We can explicitly writeṠ min (Ω) as:
where the last approximation holds as long as η 1, which is typically 304 the case. Therefore, η sets also the proportionality factor relating the lower 305 bound to the entropy production of the systemṠ min (Ω) due to macroscopi- 
as a parameter of the irreversibility of the system, which is zero if all the therefore be defined by the difference between C sbw and C wsb : 
On the other hand, if the closed path crosses the transition line to the second 438 manifold, the final state will be different from the initial:
If, furthermore, the closed path crosses first S * wsb and then S * sbw , then again and SB→W transitions, to the changes in the meridional transport, because it leads to a decrease in 500 the baroclinicity.
501
In the W regime, the boundary between the bistable and the monostable (Fig. 4(b) ), which is equal to the average rate of dis-sipation of kinetic energy, and the Carnot efficiency of the system (Fig. 6(a) ature and in the rate of entropy production are accompanied by increases in 577 the meridional heat transport and in the dissipation of kinetic energy (Fig-ure 7(b) ). This tells us that with increased meridional heat transport the 579 intensity of the circulation also increases. However we find that the merid- 
Transition and comparison between manifolds

662
We want to complement this approach by testing whether it is possible 
, which, given the observation made 671 above, requires also the existence of an approximate relationship T E ≈ T E (T s ).
672
Indeed, Fig. 9 shows that it is possible to observe an empirical, monotonic considering T E .
712
Last, we want to present the link between T E , T s and the meridional 713 energy transport M ET (Fig. 13) . We observe that in the SB regime there 714 is a weakly positive relationship between T E (T s ) and the transport, for the instabilities.
760
We have discovered that in a rather wide parametric space, which in- 
819
A general property which has been found is that, in both regimes, the 820 efficiency increases when we get closer to the bifurcation point and at the The results discussed in this paper support the adoption of new diag- 
